Bacterial communities in the mouse caecum and faeces are known to be altered by changes in dietary fat. The microbiota of the mouse small intestine, by contrast, has not been extensively profiled and it is unclear whether small intestinal bacterial communities shift with dietary fat levels. We compared the microbiota in the small intestine, caecum and colon in mice fed a low-fat (LF) or high-fat (HF) diet using 16S rRNA gene sequencing. The relative abundance of major phyla in the small intestine, Bacteriodetes, Firmicutes and Proteobacteria, was similar to that in the caecum and colon; the relative abundance of Verrucomicrobia was significantly reduced in the small intestine compared to the large intestine. Several genera were uniquely detected in the small intestine and included the aerotolerant anaerobe, Lactobacillus spp. The most abundant genera in the small intestine were accounted for by anaerobic bacteria and were identical to those identified in the large intestine. An HF diet was associated with significant weight gain and adiposity and with changes in the bacterial communities throughout the intestine, with changes in the small intestine differing from those in the caecum and colon. Prominent Gram-negative bacteria including genera of the phylum Bacteroidetes and a genus of Proteobacteria significantly changed in the large intestine. The mechanistic links between these changes and the development of obesity, perhaps involving metabolic endotoxemia, remain to be determined.
INTRODUCTION
An emerging concept in obesity research is that the intestinal microbiota plays an important role in the development of obesity. Much of our understanding today rests on numerous studies involving the use of freshly passed faecal material from both humans and mice [1] . Indeed, rodent models have historically played a crucial role in understanding numerous aspects of human health and disease [2] .
The bacterial content in the human intestine ranges from approximately 10 8 bacteria per gram dry weight in the ileal portion of the small intestine to more than 10 10-11 bacteria per gram of faeces [3, 4] . The bacteria in the small intestine may be involved in nutrient sensing that potentially affects various host functions [5] . In humans, the predominant phyla in duodenal samples were accounted for by Firmicutes and Actinobacteria, while Bacteroidetes were not detected [6] . This distribution of phyla is distinctly different from the phyla found in both human and mouse faeces, which are mainly accounted for by Firmicutes and Bacteroidetes [7] . A second human study profiled bacterial communities in human ileostomy fluid and reported the presence of Streptococcus and Clostridium spp., members of the Firmicutes, and Escherichia coli, a member of the Proteobacteria [8] . There is only one description of bacterial communities in the small intestine of the mouse [9] . Firmicutes and Bacteroidetes were identified as the major phyla in the small intestine of the mouse; Verrucomicrobia were detected in the small intestine but only in irradiated mice.
In this study we compared the microbiota in the small intestine to that found in the caecum and colon. Mice are coprophagic and it is not known how this animal behaviour affects the distribution of intestinal microbiota in the intestinal tract. Additionally, we used the diet-induced obesity (DIO) mouse model to compare the microbiome in the small intestine to that found in two sections of the large intestine, the caecum and colon. Changes in faecal pellets have been described in mice fed a high-fat (HF) diet compared to controls [10, 11] , and changes in the microbiota in caecal fluid are also reported in HF-fed mice [12] . Unlike earlier studies [10] [11] [12] , the mice in the present study were fed matched semi-purified diets in terms of fat, carbohydrate and protein sources, varying only in fat and carbohydrate concentrations.
METHODS

Animal and diets
Wild-type C57BL/6 male mice were obtained from Taconic Biosciences (Hudson, NY) at the age of 4 weeks. The animals were housed using conventional conditions with open shoe box cages and were provided with tap water and corn cob bedding (Bed O' Cob; Anderson's Laboratory Bedding). The mice were placed in an animal room containing 350-400 mice. This room housed mice of various genotypes and multiple studies involving different diets. The mice were maintained on a 12 h light/dark cycle and allowed ab libitum access to standard rodent chow (Purina Laboratory Rodent Diet 5015). After a 1-week adaptation period, the mice were shifted to one of the following semipurified diets for 12 weeks: a low-fat (LF), high-carbohydrate diet (n=6) containing 10 kcal% fat or an HF, lower-carbohydrate diet (n=6) containing 45 kcal % fat. The fat sources in both diets were soybean oil and lard, and carbohydrate in the diets was supplied as cornstarch, maltodextrin and sucrose. Product numbers are D12450H (LF) and D12451 (HF), respectively (Research Diets, New Brunswick, NJ). Diet compositions are listed in Table S1 (available with the online Supplementary Material). The diets were balanced so that the differences between the LF and HF diets were the fat and carbohydrate levels, but the macronutrient sources were identical. The level of fat chosen, 45 kcal %, is used to promote obesity in mice [13] using physiologically relevant fat levels and without lowering carbohydrate to an extent that could promote ketogenesis [14] . The body weights were measured weekly, daily food intake and whole-body fat mass determined, and euthanasia performed as described [15] . The studies were approved by and conducted in accordance with Rutgers University Institutional Animal Care and Use Committee policies.
Preparation of intestinal contents
The intestine from the stomach to the anus was removed intact and placed on a sterile Petri plate. Using sterile instruments and starting at the stomach, the intestine was cut into three portions consisting of the entire small intestine, caecum and colon. The contents of each section were collected by manually massaging the intestine, collecting the contents into DNase, RNase-free tubes. Immediately after collection, the tubes were flash-frozen in liquid nitrogen and stored at À80
C for further analysis.
16S rRNA gene library preparation, sequencing and bioinformatics To standardize post-necropsy variables which might affect sequencing results [16] , protocols to extract the bacterial DNA from the intestinal samples, the sequencing and bioinformatics protocols used to analyse samples are described. Bacterial DNA was isolated from the intestinal samples using a QIAamp DNA Stool Mini Kit's Stool Pathogen detection protocol (Qiagen, Valencia, CA) with mechanical breakage. Extractions were performed in batches of 24 samples. The following alterations were applied in order to increase DNA yield: (1) samples were incubated at 95 C for 5 min in Qiagen ASL lysis buffer, provided with the kit. In order to avoid popping of the lids during 95 C incubation, weight was applied to the tubes using metal heating blocks. The suspension was subjected to vortexing at maximum speed every 2 min for 5 min during incubation to improve cell lysis. All samples were tightly secured between two plastic tube racks and vortexed simultaneously using a benchtop vortexer. (2) Elution buffer was heated at 55 C and DNA elution was performed in two steps of 100 µl each. Extracted DNA was concentrated by bead purification using 1.8Â volume RNA Clean XP beads (Beckman Coulter) and re-eluted in 60 µl of 10 mM TE buffer, pH 8.5. PCR assays were performed to verify the presence of bacterial DNA in the extracts using 'all bacteria' primers as described previously [17] .
Sequencing libraries were constructed using a two-stage PCR approach [18] with 40 ng DNA from colon and caecum samples, and 100 ng from small intestine samples. The amplicon primers utilized in stage 1 contained both a genespecific sequence as well as an Illumina overhang adapter sequence. The gene-specific sequence, designed to amplify the V3 and V4 hypervariable regions of the 16S rRNA gene, were chosen as suitable primers for diversity studies [19] . Illumina overhangs created universal binding sites for the stage 2 PCR, which attached dual indices and Illumina sequencing adapters using the Illumina Nextera XT Index Kit. Final library constructs were suitable for multiplexed sequencing on the Illumina MiSeq platform.
Bacterial DNA from the three sections of the intestine was tested for reactivity with a universal bacterial primer [20] and the V3_V4 sequencing primer. All DNA extracts from the samples yielded a PCR product of the correct size with the universal bacterial primers, as well as with the sequencing primer in the case of the extracts produced from the caecum and colon (data not shown). The samples generated from the small intestine exhibited different responses to the sequencing primers; only four out of six samples from the LF-and HF-fed animals yielded PCR products of the expected size (data not shown).
The generated sequences were evaluated using the Illumina MiSeq Reporter Metagenomics Workflow version 2 (analysis software version: 2.4.60.8; reference taxonomy file: gg_13_5_species_32 bp.dat) [21] . The identification step used the Classify Reads algorithm developed by Illumina that provides taxa level classification for paired-end reads. This process involves matching short subsequences of the reads (called words) against the Greengenes database of 16S rRNA gene reference sequences. The accumulated word matches for each read were used to assign reads to the taxonomic classification. The similarity cut-offs of the matches at the taxa levels were 98.24 % at species, 99.65 % at genus and 100 % at phylum [22] . Any sequences remaining unmatched were labelled as unclassified. Sequence data have been uploaded to the NCBI Short Read Archive (SRA) database under accession number SRP066846.
The number of reads passing quality filtering showed that, within each set of samples generated from the three intestinal sections, the number of accepted reads did not differ significantly between LF-and HF-fed animals ( Table S2 ). The average number of reads passing quality filter in all samples was 77 %, and was used to classify the reads to the phylum, genus and species taxon level. The number of reads classified to the phylum, genus and species level was 97, 86 and 46 %, respectively. The relative abundance of the operational taxonomic units (OTUs) identified to the phylum and genus levels in the individual mice is presented in Table S3 (a-b).
Analysis of taxa output data
The Illumina Workflow system provides numeric results listing the taxa identification associated with the number of reads detected and the percentage of total reads. At the phylum and genus level, assigned reads reaching !0.1 % of the total reads were selected for analysis. For specific genera identified, species were identified. For the HF-fed mice, an average value of the percentage of total reads was determined and compared to the corresponding value from the LF-fed mice. Average values with differences of !twofold were analysed for statistical significance using Student's ttest [17] .
Statistical analysis
Student's t-test was performed using the numeric values representing weight gained, the percentage of classified sequence reads and the plasma biomarker, leptin. The statistical software in Sigma Plot version 11.0 was used (Systat Software, San Jose, CA). Normality was investigated using the Shapiro-Wilk test; in cases where the test for normality passed, the mean was determined and the values of the control, LF-fed mice and HF-fed mice were compared. A difference of mean with a P-value 0.05 was considered statistically significant.
p i ln p i for genuslevel diversity was calculated in Microsoft Excel, where p represents the number of genera in a sample divided by a total number of genera in a sample [23] .
Plasma biomarker measurements Plasma samples were screened for leptin as a marker of obesity using an immunoassay [24] . The modified mouse metabolic hormone kit, MMHMAG-44K, on a Millipore MagPix (Life Technologies, Grand Island, NY) system was used according to the manufacturer's protocols. Bacterial phyla in the small intestine compared to the large intestine The intestinal microbiota at the phylum level included Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Deferribacteres, Firmicutes, Proteobacteria, Synergistetes, Tenericutes and Verrucomicrobia. Sequences that accounted for !1 % of the total reads in the intestinal tract from the LF-fed mice were accounted for by the Gram-negative Bacteroidetes, Verrucomicrobia and Proteobacteria and the Gram-positive Firmicutes. The relative abundance ranging from highest to lowest in the small intestine was Bacteroidetes, Firmicutes, Proteobacteria and Verrucomicrobia.
RESULTS
Effect of HF diet on weight gain and adiposity
Comparison of the relative abundance for each of the most dominant phyla in the small intestine to those in the caecum and colon showed no significant differences in LF-fed mice except for Verrucomicrobia (Fig. 1) where the relative abundance of Verrucomicrobia in the caecum was eightfold higher than in the small intestine (P=0.004). ShannonWiener diversity indices (H) trended toward higher values in the caecum and colon compared to the small intestine (Table S2 ). In HF-fed mice, the relative abundance of Bacteroidetes in the small intestine compared to the colon was reduced 2.7-fold (P=0.008) while Proteobacteria in the small intestine compared to the caecum was reduced 2.8-fold (P=0.005) (Fig. 1) .
No significant changes in the phyla were detected in the small intestine or colon in HF-compared to LF-fed mice. In contrast, in the caecum, the relative abundance of Bacteroidetes decreased 2.7-fold (P=0.005) while the relative abundance of Proteobacteria increased 2.8-fold (P=0.017) (Fig. 1 ) in HF-compared to LF-fed mice. As a result of the reduction in relative abundance in Bacteroidetes in HF-fed mice, the Firmicutes to Bacteroidetes ratio increased significantly in the caecum in HF-compared to LF-fed mice (Fig. 2) . This increase was accounted for by a significant decrease in the relative abundance of Bacteroidetes; the relative abundance of Firmicutes was not altered in HF-compared to LF-fed mice. In the colon, the relative abundance of Firmicutes was significantly lower than Bacteroidetes and the ratio did not change in HF-compared to LF-fed mice. In the small intestine, the variation in the relative abundance of Firmicutes and Bacteroidetes was too large between replicates to make accurate conclusions on the effect of dietary fat on the Firmicutes to Bacteroidetes ratio.
Bacterial genera in the small intestine compared to the large intestine The genera identified in the dominant phyla in LF-and HFfed mice of the small intestine compared to those identified in the caecum and colon are shown in Fig. 3 . There were several genera uniquely found in the small intestine, and these included the Gram-positive bacteria Alkaliphilus, Turicibacter, Lachnospira and Lactobacillus spp. Among the Gram-negative bacteria, Sphingobacterium, Olivibacter, Parapedobacter and Polaribacter, and Thiothrix spp. were uniquely detected in the small intestine (Fig. 3) . Alkaliphilus spp. accounted for the most dominant Gram-positive bacterium, followed by Clostridium, Turicibacter and Lachnospira spp. in the small intestine, while the most dominant Gram-negative bacteria were accounted for by Parabacteroides and Butyricimonas spp.
Examination of the genera in the large intestine showed that a number of bacteria were unique to the caecum or colon relative to the small intestine (Fig. 3) . Bacteria uniquely identified in the large intestine in LF-fed mice included Peptococcus, Sedimentibacter, Dysgonomonas, Helicobacter, Bilophilia, Luteolibacter and Rubritales spp. In the HF-fed mice, genera uniquely identified in either caecum or colon included Acetobacterium, Anaerotruncus, Oribacterium, Peptoniphilus, Sedimentibacter, Dysgonomonas, Flavobacterium and Bilophila spp. All other genera identified in either the caecum or colon in LF-or HF-fed mice were also detected in the small intestine.
Significant changes in the relative abundance of the intestinal microbiota at the genus level were detected in bacteria identified in the phyla Bacteroidetes, Proteobacteria and Firmicutes ( Table 1 ). The shifts involved reductions and increases in relative abundance of multiple genera within the Bacteroidetes throughout the intestinal tract. Reductions in the relative abundance of Pedobacter, Butyricimonas and Parabacteroides spp. and increases in Sphingobacterium and Bacteroides spp. were observed. The increase in Proteobacteria was associated with a significant increase in the relative abundance of Desulfobvibrio spp. in the caecum. Although the relative abundance of Firmicutes did not change with dietary fat, significant shifts in several genera within the taxa were detected and included increases in relative abundance of Oscillopsira and Sedimentibacter spp., and a decrease in Oribacterium spp. Except for Butyricimonas spp., the shifts in relative abundance in the various genera were detected in only one section of the intestinal tract. The relative abundance of Butyricimonas spp. decreased in both the caecum and colon in HF-relative to LF-fed mice.
DISCUSSION
Although far less studied than those in the large intestine, bacteria of the small intestine may also be presumed to play a role in health and disease. Compared to the colon, bacteria in the small intestine are thought to be enriched with those capable of aerobic growth [4] . In this study, Lactobacillus spp., a Gram-positive aero-tolerant anaerobe [25] , was uniquely detected in the small intestine. Gram-negative bacteria uniquely detected in the small intestine included five genera belonging to the Bacteroidetes. The five genera identified, Olivibacter, Parapedobacter, Polaribacter, Sphingobacterium and Thiothrix spp., have been identified in various environmental samples such as water and soil samples [26] [27] [28] [29] [30] . Since aerobic growth is reported for several of these genera, e.g. Parapedobacter, Polaribacter and Sphingobacterium spp., it is important to ascertain whether these bacteria colonize and persist in the small intestine or are simply detected as a result of exposure to environmental sources such as water and bedding. The genera detected with the highest relative abundance in the small intestine were accounted for by anaerobic bacteria, including Alkaliphilus, Butyricimonas, Clostridium and Parabacteroides spp. Except for Alkaliphilus, these bacteria were also present in the large intestine. A limitation of the present study was that the contents of the small intestine, from the duodenum through the ileum, were combined and compared to the luminal contents collected from the caecum and colon. To accurately profile the bacterial communities in the mouse proximal small intestine, a future study should separate the duodenum and jejunum from the ileum. It is unclear whether the high relative abundance of anaerobes detected in the small intestine in this study occurs as a result of coprophagy or back-wash of caecal fluid into the ileum [31] . Further investigation of this question, using mesh-bottom cages to prevent coprophagy, is warranted.
The small intestine is the intestinal site where lipid levels are highest following consumption of dietary fats and where fat absorption occurs [32] . Blooms of bacteria capable of transporting and oxidizing exogenous fatty acids [33, 34] might be expected to occur in the small intestine under conditions of high dietary fat. Using the mouse model of DIO, we compared the microbiota in the mouse small and large intestine to explore the effects of matched LF and HF diets on the intestinal microbiota; earlier studies did not utilize matched control and test diets such that the fat, protein and carbohydrate sources were not identical [10, 11] . Other studies in mice used a diet very high in fat (72 % kcal as fat) containing extremely low levels of carbohydrate (<1 % kcal) [12] ; such macronutrient levels result in ketogenesis [35] . Control and test diet compositions are listed in Table S4 . In the current study, the HF, low-carbohydrate-fed mice gained significantly more weight over 12 weeks than the LF, highcarbohydrate-fed mice and developed significantly greater adiposity as measured by both fat mass measurements and blood leptin levels [36, 37] . The latter two measurements indicate development of obesity.
The intestinal microbiota is different in LF-compared to HF-fed mice in the present study, and the microbiota in the small intestine responded differently to those in the caecum and colon. The genera present at the highest relative abundance that changed with dietary fat were identified in the caecum and colon, not the small intestine, and were accounted for by Gram-negative bacteria. The genera that changed with dietary fat included Parabacteroides and Butyricimonas spp., which were highest in LF-fed mice, while Desulfovibrio and Bacteroides spp. were the highest in HF-fed mice. Increases in the relative abundance of Desulfovibrio spp. and shifts in Bacteroidetes genera secondary to HF feeding have been described in earlier studies using faecal samples [10, 11] . We speculate that, under conditions of high dietary fat, excess fat is not quantitatively absorbed in the small intestine and flows into the large intestine to support enhanced growth of some bacteria. It will be of interest to evaluate the effect of high dietary fat on the microbiota in the proximal and distal portion of the small intestine in a future study.
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Our results show that dietary fat-driven shifts in Gramnegative intestinal bacterial communities occur throughout the intestine and are associated with the development of obesity. One current hypothesis, called metabolic endotoxemia, is that obesity is driven by leakage of minute levels of endotoxin from the intestine [12] . Endotoxin is a lipopolysaccaride produced by Gram-negative bacteria [38] . Structural variants exist and the immunological properties of lipopolysaccaride are structure dependent [39, 40] . Those with proinflammatory activity are called endotoxins. Clinical research has thus far failed to clearly elucidate a mechanism by which endotoxins might drive the development of obesity; metabolic endotoxaemia, however, remains an interesting hypothesis requiring new approaches to study the phenomena [41, 42] . Understanding exactly which bacteria are present in the proximal and distal portions of the mouse small intestine is important to begin to understand the role that diet-induced intestinal dysbiosis and, perhaps, lipopolysaccharide sources, play in obesity development. It is important to ascertain whether the proximal portion of the small intestine of mice, like humans, is enriched with Gram-positive bacteria and whether the distal section more resembles caecal fluid and responds metabolically to dietary factors in a manner similar to the caecum.
Obesity has been associated with a high Firmicutes to Bacteroidetes ratio. The ratio increased by more than 20-fold in a study in which mice were fed chow compared to a Western diet, where differences in macronutrient sources were almost certainly present [43] . In that study, caecal samples showed a significant decrease in Bacteroidetes and an increase in Mollicutes, a class within the Firmicutes [43] .
The results of the present study showed that a significant increase in the Firmicutes to Bacteroidetes ratio of less than twofold occurred in the caecum of HF-fed mice. The increase was not accounted for by a bloom in Gram-positive bacteria but rather by a reduction in relative abundance of Bacteroidetes. Others have also reported an increase in the Firmicutes to Bacteroidetes ratio in faecal samples collected from mice fed an HF diet [10, 11] . In both of the latter studies, the increase was associated with an increase in Firmicutes and a decrease in Bacteroidetes, although the specific quantitative shifts in ratios of Firmicutes to Bacteroidetes were not provided. It is unclear whether the Firmicutes to Bacteroidetes ratio varies in lean and obese humans; discrepant results are published [44, 45] . Different conclusions may arise as a result of different methodologies used to analyse intestinal microbiome, as well as differences in diets. With a future study separating the proximal and distal portion of the small intestine, the effect of dietary fat on the Firmicutes to Bacteroidetes ratio can be more accurately determined in the small intestine and compared to the caecum and colon. In all future experiments, the intestinal microbiome at the start of the study should be profiled so that microbiome changes occurring during the course of a study can be compared to the initial microbiome. This information could be particularly important when follow-up experiments are designed requiring new batches of research animals. It is unclear whether there might be batch-to-batch variation in the intestinal microbiome in research animals, although it is known that faecal microbiomes vary in mice purchased from different vendors [46] . With carefully described studies designed to compare the effect of obesogenic diets on the microbiome in the small and large intestine, a better understanding of the effects of diet on the Firmicutes to Bacteroidetes ratio and changes in the intestinal bacterial communities will be developed and applied towards solving the public health issue of global obesity.
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